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Abstract. We investigate an effective relativistic equation of state at finite values of temperature and
baryon chemical potential with the inclusion of the full octet of baryons, the ∆-isobars and the lightest
pseudoscalar and vector meson degrees of freedom. These last particles have been introduced within a
phenomenological approach by taking into account of an effective chemical potential and mass depending
on the self-consistent interaction between baryons. In this framework, we study of the hadron yield ratios
measured in central heavy ion collisions over a broad energy range and present the beam energy dependence
of underlying dynamic quantities like the net baryon density and the energy density.
PACS. 25.75.-q – 21.65.Mn
1 Introduction
High energy heavy ion collisions provide a unique opportu-
nity to explore in laboratory the behavior of hot and dense
nuclear matter. Comparing the experimental data with
different theoretical models, such as, for example, fluid-
dynamical models, it is possible to study fundamental as-
pects of nuclear and hadron physics at different regimes
of temperature and density [1,2]. This demands a detailed
knowledge of the bulk thermodynamics and the equation
of state (EOS) of strongly-interacting matter.
The statistical thermal model has turned out to be
very successful in describing particle abundances produced
in relativistic heavy ion collisions [3,4,5,6,7,8,9,10,11,12,
13]. An analysis of the energy dependence of the thermal
parameters, temperature and baryon chemical potential,
extracted from the fits with the experimental data, es-
tablishes essential properties of the hot and dense fireball
produced at the freeze-out evolution stage, when inelastic
collisions cease. Both temperature and baryon chemical
potential exhibit a monotonic variation with the beam
energy. As the collision energy is increased, there is an
increase of the chemical freeze-out temperature and a cor-
responding decrease of the baryon chemical potential. The
number of baryons becomes close to anti-baryons and me-
son degrees of freedom become increasingly important with
a clear passage from a baryon-dominant regime to a meson-
dominant one [14]. In this context, it is relevant to observe
that, since the noninteracting gas model neglects any kind
of possible in-medium modifications, to take phenomeno-
logically into account of the interaction between hadrons
at finite densities, finite size corrections have been consid-
ered in the excluded volume approximation, in the same
spirit as in a Van der Waals gas [15,16,17].
From a more microscopic point of view, Walecka-type
relativistic mean-field (RMF) models have been widely
successfully used for describing the properties of finite nu-
clei as well as dense and finite temperature nuclear matter
[18,19,20,21,22,23,24,25]. It is relevant to point out that
such RMF models usually do not respect chiral symmetry.
Furthermore, the repulsive vector field is proportional to
the net baryon density, therefore, standard RMF models
do not appear, in principle, fully appropriate for the very
low density and high temperature regime. In this context,
let us observe that a phenomenological RMF model has
been recently proposed in order to calculate the EOS of
hadronic matter in a broad density-temperature region by
considering masses and coupling constants depending on
the σ-meson field [26]. In that approach, motivated by
the Brown-Rho scaling hypothesis, a non chiral symmet-
ric model simulates a chiral symmetry restoration with a
temperature increase. On the other hand, relativistic chi-
ral SU(3) models have also been developed to take into
account particle ratios at RHIC and baryon resonances
impact on the chiral phase transition [27,28]. Such mod-
els include meson-meson and meson-baryon interactions
with a consequent effective masses for all hadrons, giv-
ing a higher kinetic energy which mimics an additional
repulsion among the particles. In addition, it is relevant
to observe that a fit of the particle production yield ratios
measured at RHIC has also been studied in the framework
of a RMF model with the introduction of a phenomeno-
logical meson (repulsive) interaction corresponding to a
fixed ratio m∗i /mi =1.3 (between the effective in-medium
meson massm∗i and the vacuum onemi) for all considered
meson particles [29].
The physical relevance of such RMF phenomenological
investigations, lies in the fact that these models are able
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to shed light on the nature of baryon-meson and meson-
meson in-medium interaction at different conditions of
temperature and density and, hopefully, yield information
about possible phase transition phenomena.
In Ref. [30], an effective hadronic EOS has been stud-
ied by requiring the global conservation of baryon num-
ber, electric charge fraction and zero net strangeness in
the range of finite temperature and density. The study
has been carried out by means of an effective RMF model
with the inclusion of the octet of the lightest baryons, the
∆-isobar degrees of freedom and the lightest pseudoscalar
and vector mesons. These last particles have been consid-
ered in the so-called one-body contribution, taking into ac-
count their effective chemical potentials depending on the
self-consistent interaction between baryons. In this con-
text, we have studied the influence of the ∆-isobar degrees
of freedom and, in connection, the behavior of different
particle-antiparticle ratios and strangeness production.
In this paper we are going to include in a phenomeno-
logical way the contribution of the mean field interac-
tion in the effective (in-medium) meson masses in order
to study the hadron production yield ratios and com-
pare our results with the experimental central nucleus-
nucleus collisions, from AGS to RHIC, in the energy range√
sNN = 2.7÷ 200 GeV.
2 The effective relativistic mean field model
The total Lagrangian density L can be written as
L = Loctet + L∆ + Lqpm , (1)
where Loctet stands for the full octet of the lightest baryons
(p, n, Λ, Σ+, Σ0, Σ−, Ξ0, Ξ−) interacting with σ, ω, ρ
meson fields; L∆ corresponds to the degrees of freedom for
the ∆-isobars (∆++, ∆+, ∆0, ∆−) and Lqpm is related to
a quasi-particle gas of the lightest pseudoscalar and vector
mesons with effective chemical potentials and masses (see
below for details).
The Lagrangian for the self-interacting octet of baryons
can be written as [18,19,20]
Loctet =
∑
k
ψk [i γµ ∂
µ − (Mk − gσk σ)− gωk γµ ωµ
−gρk γµ t · ρ µ]ψk + 1
2
(∂µσ∂
µσ −m2σσ2)
−1
3
a (gσN σ)
3 − 1
4
b (gσN σ
4) +
1
2
m2ω ωµω
µ
+
1
4
c (g2ωN ωµω
µ)2 +
1
2
m2ρ ρµ · ρ µ
−1
4
FµνF
µν − 1
4
GµνG
µν , (2)
where the sum runs over the full octet of baryons, Mk is
the vacuum baryon mass of index k, the quantity t denotes
the isospin operator that acts on the baryon.
In the regime of finite values of temperature and den-
sity, a state of high density resonance matter may be
formed and the ∆(1232)-isobar degrees of freedom are ex-
pected to play a central role [31]. In particular, the for-
mation of resonances contributes essentially to enhanced
strangeness, baryon stopping and hadronic flow effects
[32]. Transport model calculations and experimental re-
sults indicate that an excited state of baryonic matter is
dominated by the ∆-resonance at the energy from AGS
to RHIC [33,34,35,36,37,38]. To incorporate ∆-isobars in
the framework of effective hadron field theories, a formal-
ism was developed to treat ∆ analogously to the nucleon,
taking only the on-shell ∆s into account and the mass of
the ∆s are substituted by the effective one in the RMF
approximation [39,40].
The Lagrangian density concerning the ∆-isobars can
then be expressed as [40,41,42]
L∆ = ψ∆ν [iγµ∂µ − (M∆ − gσ∆σ)− gω∆γµωµ]ψν∆ , (3)
where ψν∆ is the Rarita-Schwinger spinor for the∆-baryon.
Due to the uncertainty on the meson-∆ coupling con-
stants, we limit ourselves to consider only the coupling
with σ (gσ∆) and ω (gω∆) meson fields, more of which are
explored in the literature [41,42,43].
In the RMF approach, baryons are considered as Dirac
quasiparticles moving in classical meson fields and the field
operators are replaced by their expectation values. In this
context, it is relevant to remember that the RMF model
does not respect chiral symmetry and the contribution
coming from the Dirac-sea and the quantum fluctuation
of the meson fields are neglected. As a consequence, the
field equations in RMF approximation have the following
form (
iγµ∂
µ −M∗k − gωkγ0ω − gρkγ0t3kρ
)
ψk = 0 , (4)(
iγµ∂
µ −M∗∆ − gω∆γ0ω
)
ψν∆ = 0 , (5)
m2σσ + a g
3
σN σ
2 + b g4σN σ
3 =
∑
i
gσi ρ
S
i , (6)
m2ωω + c g
4
ωN ω
3 =
∑
i
gωi ρ
B
i , (7)
m2ρρ =
∑
i
gρi t3i ρ
B
i , (8)
where σ = 〈σ〉, ω = 〈ω0〉 and ρ = 〈ρ03〉 are the nonvanish-
ing expectation values of meson fields. The effective mass
of i-th baryon is given by
M∗i =Mi − gσiσ . (9)
In the meson-field equations, Eqs.(6)-(8), the sums run
over all considered baryons (octet and ∆s) and ρBi and
ρSi are the baryon density and the scalar density of the
particle of index i, respectively. They are given by
ρBi = γi
∫
d3k
(2π)3
[fi(k)− f i(k)] , (10)
ρSi = γi
∫
d3k
(2π)3
M∗i
E∗i
[fi(k) + f i(k)] , (11)
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where γi = 2Ji+1 is the degeneracy spin factor of the i-th
baryon (γoctet = 2 for the baryon octet and γ∆ = 4) and
fi(k) and f i(k) are the fermion particle and antiparticle
distributions
fi(k) =
1
exp{(E∗i (k)− µ∗i )/T }+ 1
, (12)
f i(k) =
1
exp{(E∗i (k) + µ∗i )/T }+ 1
. (13)
The effective chemical potentials µ∗i are given in terms
of the chemical potentials µi by means of the following
relation
µ∗i = µi − gωi ω − gρi t3i ρ , (14)
where t3i is the third component of the isospin of i-th
baryon. The baryon effective energy is defined as E∗i (k) =√
k2 +Mi
∗2.
Because we are going to describe the nuclear EOS at
finite temperature and density with respect to strong in-
teraction, we have to require the conservation of three
”charges”: baryon number (B), electric charge (C) and
strangeness number (S). Each conserved charge has a con-
jugated chemical potential and the system is described by
three independent chemical potentials: µB , µC and µS .
Therefore, the chemical potential of particle of index i
can be written as
µi = bi µB + ci µC + si µS , (15)
where bi, ci and si are, respectively, the baryon, the elec-
tric charge and the strangeness quantum numbers of i-th
hadronic species.
The thermodynamical quantities can be obtained from
the grand potential ΩB in the standard way. More explic-
itly, the baryon pressure PB = −ΩB/V and the energy
density ǫB can be written as
PB =
1
3
∑
i
γi
∫
d3k
(2π)3
k2
E∗i (k)
[fi(k) + f i(k)]−
1
2
m2σ σ
2
− 1
3
a (gσN σ)
3 − 1
4
b (gσN σ
4) +
1
2
m2ω ω
2
+
1
4
c (gωN ω)
4 +
1
2
m2ρ ρ
2 , (16)
ǫB =
∑
i
γi
∫
d3k
(2π)3
E∗i (k) [fi(k) + f i(k)] +
1
2
m2σ σ
2
+
1
3
a (gσN σ)
3 +
1
4
b (gσN σ
4) +
1
2
m2ω ω
2
+
3
4
c (gωN ω)
4 +
1
2
m2ρ ρ
2 . (17)
2.1 The baryon couplings
The numerical evaluation of the above quantities can be
performed if the meson-nucleon, -∆ and -hyperon cou-
pling constants are known. Concerning the nucleon cou-
pling constants (gσN , gωN , gρN ), they are determined to
reproduce the bulk properties of equilibrium nuclear mat-
ter such as the saturation densities, the binding energy,
the symmetric energy coefficient, the compression mod-
ulus and the effective Dirac mass at saturation. Because
of a valuable range of uncertainty in the empirical val-
ues that must be fitted, especially for the compression
modulus and for the effective Dirac mass, in literature
there are different sets of coupling constants. In this in-
vestigation we consider two different parameter sets: the
set marked TM1, from Ref.[44], and GM3, from Glenden-
ning and Moszkowski [45]. The above EOSs are compati-
ble with intermediate heavy ion collisions constraints and
extensively used in various high density astrophysical ap-
plications [30,46,47,48,49,50,51,52].
In this context let us observe that in Ref.[30] also the
NLρδ EOS was considered. This last parameter set con-
tains in addition the δ-isovector-scalar meson-baryon cou-
plings and have not been considered here because the GM3
and NLρδ EOS have comparable behaviors, due to similar
values of the compression modulus and the effective nu-
cleon mass [30,44,45]. Moreover, δ-meson should have a
minor role in the analysis of the hadronic freeze-out yield
ratios, with lower baryon density involved and approxi-
mately constant electric charge fraction.
As regards the implementation of hyperon degrees of
freedom, they come from determination of the correspond-
ing meson-hyperon coupling constants that have been fit-
ted to hypernuclear properties [53]. The adopted coupling
constants and the vacuum masses are the same as in Ref.
[30].
Concerning the formation of ∆-isobar matter at fi-
nite temperature and density, it has been predicted that
a phase transition from nucleonic matter to ∆-excited nu-
clear matter can take place and the occurrence of this
transition sensibly depends on the∆-meson fields coupling
constants [41]. Referring to QCD finite-density sum rule
results, which predict that there is a larger net attraction
for a ∆-isobar than for a nucleon in the nuclear medium
[43], the range of values for the ∆ coupling constants has
been confined within a triangle relation [42]. Therefore, in
setting the following coupling ratios:
xσ∆ =
gσ∆
gσN
and xω∆ =
gω∆
gωN
, (18)
we have to require that i) the second minimum of the en-
ergy per baryon lies above the saturation energy of normal
nuclear matter, i.e., in the mixed ∆-nucleon phase only
a metastable state can occur; ii) there are no ∆-isobars
present at the saturation density; iii) the scalar field is
more (equal) attractive and the vector potential is less
(equal) repulsive for ∆s than for nucleons, in accordance
with QCD finite-density calculations [43]. Of course, the
choice of couplings that satisfies the above conditions is
not unique but there exists a finite range of possible values
(represented as a triangle region in the plane xσ∆–xω∆)
which depends on the particular EOS under considera-
tion [30,42]. Without loss of generality, we can limit our
investigation to move only in a side of such a triangle re-
gion by fixing xω∆ = 1 and varying xσ∆ from unity to
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a maximum value compatible with the conditions men-
tioned above. Comparable conclusions are obtained with
any other compatible choice of the two coupling ratios (see
Ref.[30] for a more detailed discussion about the value of
the ∆-couplings and the formation of ∆ metastable mat-
ter for different EOSs). In this investigation, we fix the
scalar coupling ratio to the value xσ∆ =1.25 in the TM1
and xσ∆ =1.40 in the GM3 parameter set, for which the ∆
metastable condition is not realized. In addition, we con-
sider the case of xσ∆ =1.33 in the TM1 and xσ∆ =1.50 in
the GM3 parameter set, corresponding to the maximum
value in which ∆ metastable state can be realized [30].
Therefore, we consider two very different scenarios (not
metastable and metastable ∆-matter) for the two differ-
ent parameter sets (note that, when a metastable state is
not realized, decays rate are not taken into account in this
approach).
2.2 Meson degrees of freedom and chemical
equilibrium
It is well known that the lightest pseudoscalar and vector
mesons play a crucial role in the EOS, especially at low
baryon density and high temperature. On the other hand,
the contribution of the π mesons (and other pseudoscalar
and pseudovector fields) vanishes at the mean-field level.
From a phenomenological point of view, we can take into
account the meson particle degrees of freedom by adding
their one-body contribution to the thermodynamical po-
tential, that is, the contribution of a quasi-particle Bose
gas with an effective chemical potential µ∗j and an effective
massm∗j for the j-meson, which contain the self-consistent
interaction of the meson fields (see next subsections for de-
tails). Following this working hypothesis, we can evaluate
the pressure PM , the energy density ǫM and the particle
density ρMj of mesons as
PM =
1
3
∑
j
γj
∫
d3k
(2π)3
k2
Ej(k)
gj(k) , (19)
ǫM =
∑
j
γj
∫
d3k
(2π)3
Ej(k) gj(k) , (20)
ρMj = γj
∫
d3k
(2π)3
gj(k) , (21)
where γj = 2Jj+1 is the degeneracy spin factor of the j-th
meson (γ = 1 for pseudoscalar mesons and γ = 3 for vec-
tor mesons), the sum runs over the lightest pseudoscalar
mesons (π, K, η, η′) and the lightest vector mesons (ρ, ω,
K∗, φ), considering the contribution of particle and an-
tiparticle separately. In Eqs.(19)-(21) the function gj(k)
is the boson particle distribution given by
gj(k) =
1
exp{(E∗j (k)− µ∗j )/T } − 1
, (22)
where E∗j (k) =
√
k2 +mj∗
2. The corresponding antipar-
ticle distribution will be obtained with the substitution
µ∗j → −µ∗j . Moreover, the boson integrals are subjected
to the constraint |µ∗j | ≤ m∗j , otherwise Bose condensation
becomes possible. We have verified that such a condition
is never realized in the considered range of temperature
and density.
All the aforementioned equations must be evaluated
self-consistently fulfilling the chemical equilibrium and by
imposing the constraints of baryon number, electric charge
and strangeness. Therefore, at a given temperature T ,
baryon density ρB, net electric charge fraction Z/A (ρC =
Z/AρB) and zero net strangeness of the system (ρS = 0),
the chemical potentials µB, µC and µS are univocally de-
termined by the following equations
ρB =
∑
i
bi ρi(T, µB, µC , µS) , (23)
ρC =
∑
i
ci ρi(T, µB, µC , µS) , (24)
ρS =
∑
i
si ρi(T, µB, µC , µS) , (25)
where the sums run over all considered particles (baryons
and mesons).
Finally, the total pressure and energy density will be
P = PB + PM , (26)
ǫ = ǫB + ǫM . (27)
2.2.1 Effective meson chemical potentials
Following Refs. [30,54,55], the values of the effective me-
son chemical potentials µ∗j are obtained from the ”bare”
ones µj , given in Eq.(15), and subsequently expressed in
terms of the corresponding effective baryon chemical po-
tentials, respecting the strong interaction. For example,
we have from Eq.(15) that µpi+ = µρ+ = µC ≡ µp − µn
and the corresponding effective chemical potential can be
written as
µ∗pi+(ρ+) ≡ µ∗p − µ∗n = µpi+(ρ+) − gρN ρ , (28)
where the last equivalence follows from Eq.(14).
Analogously, by setting xωΛ = gωΛ/gωN , we have
µ∗K+(K∗+) ≡ µ∗p − µ∗Λ(Σ0)
= µK+(K∗+) − (1− xωΛ)gωNω −
1
2
gρNρ , (29)
µ∗K0(K∗0) ≡ µ∗n − µ∗Λ(Σ0)
= µK0(K∗0) − (1 − xωΛ)gωNω +
1
2
gρNρ , (30)
while the others strangeless neutral mesons have a vanish-
ing chemical potential.
2.2.2 Effective meson masses
Besides the chemical potentials, the mean field interaction
also affects the values of the effective meson masses. Here,
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we are going to introduce an analogue phenomenological
approach to that used for the particle chemical potentials
in order to include, at different values of temperature and
baryon density, the in-medium interaction in the effective
meson masses.
As well as the effective meson chemical potentials have
been obtained from a difference between the effective baryon
chemical potentials, so we postulate that the meson effec-
tive masses can be expressed as a difference between the
effective baryon masses respecting the strong interaction
and the main processes of meson production/absorption
involving different baryons. More explicitly, concerning pi-
ons, being the ∆-isobar state one of the most prominent
feature of πN dynamics, the main process involving dif-
ferent baryons can be identified with the ∆ ↔ πN one.
Hence, from a phenomenological point of view, we can
postulate the variation of the effective pion massm∗pi, with
respect to the vacuum one mpi, in terms of the variation
between the ∆ and nucleon effective masses, with respect
to their vacuum ones. With this assumption, we can write
the effective pion mass as
m∗pi = mpi − (xσ∆ − 1)gσN σ . (31)
Because we set xσ∆ > 1, the above equation requires a
reduction of the effective pion mass and such a reduction
depends on the value of the σ meson field related to the
self-consistent interaction between hadrons. Let us remark
that Eq.(31) does not imply that the production/aborption
of pions is due to the formation of ∆-particles but rather
that the self-consistent mean field interaction is phenome-
nologically related to the difference gσ∆ − gσN between
the ∆ and the nucleon σ-field couplings.
In this context, it is proper to observe that chiral model
calculations predict an enhancement of the effective pion
mass at RHIC energies [27]. On the other hand, the in-
medium pion dispersion relation in a relativistic quantum
transport theory implies a smaller effective pion mass in
cold and dense nuclear matter [56].
Let us further outline that from deeply bound pio-
nic states in nuclei and π-atoms, for symmetric nuclear
matter at zero temperature and at the saturation nuclear
density, different investigations indicate that the effective
pion mass results to be very close to the free one [57,58,
59]. From Eq.(31), this implies xσ∆ ≈ 1 at T = 0 and
ρB = ρ0. In principle, such a condition could be accom-
plished by introducing an in-medium dependence of the
∆-meson coupling constant as considered, for example, in
Ref. [56]. On the other hand, to study the nuclear EOS
in the full range of temperature and density is far beyond
the scope of this investigation. Because we are mainly in-
terested in a phenomenological analysis at finite temper-
atures reachable in high energy heavy ion collisions, far
from the saturation nuclear matter regime, in order to
avoid further degrees of freedom, we will limit ourselves
to considering a fixed value of the xσ∆ coupling.
Following the above scheme, we are able to define in
a similar manner all the other effective meson masses.
Concerning the other strangeless mesons, from the point
of view of the effective mean field interaction, they can
be considered as correlated states of pions in the nuclear
medium having the corresponding dependence of the ef-
fective meson masses. For example, for the ρ meson, we
can assume the process: ρ ↔ 2 π and for the ω meson:
ω ↔ 3 π. Therefore, we have, respectively,
m∗ρ = mρ − 2 (xσ∆ − 1)gσN σ , (32)
m∗ω = mω − 3 (xσ∆ − 1)gσN σ , (33)
where we have used the result given in Eq.(31).
On the other hand, because the η meson is not allowed to
strongly decay into pions, for η and η′ mesons we limit to
consider their respective vacuum masses.
Considering the strong interaction only, the effective
kaon masses will be related to the difference of the effective
hyperon and nucleon masses mainly by means of two dif-
ferent channels [60]1: the associate production/absorption
due to pion conversion modes on a single nucleon
πN ↔ ΛK , πN ↔ ΣK , πN ↔ ΞKK , (34)
the channel due to non-pionic modes on two nucleons
NN ↔ NΛK , NN ↔ NΣK , NN ↔ NΞKK , (35)
and any conjugate process involving the same type of par-
ticle/antiparticle 2.
In the literature there is uncertainty about which of
the above two channels is dominant in a nuclear medium
at different values of temperature and density [63]. Tak-
ing into account that we are going to study the EOS in
regime of warm or hot nuclear matter, where mesons be-
come dominant on the baryon degrees of freedom, for sim-
plicity in the following we will limit our considerations to
the first channel only.
As before, the guiding phenomenological principle that
we follow in the determination of the effective mass of
kaons (antikaons) is related to the different σ field in-
teraction between the different baryons involved into the
production/absoption process. Considering the processes
indicated in Eq.(34), kaons are always related to the pres-
ence of hyperons, therefore, being the scalar σ field less at-
tractive for hyperons than for nucleons (xσY = gσY /gσN <
1) [30], we can postulate an increase in the effective kaon
mass m∗K . Following the above criterion, we can set the
kaon effective mass as follows
m∗K = mK +
[
xσ∆ − xσΛ + xσΣ
2
]
gσN σ , (36)
1 Of course there are other important channels in the kaon
production/absorption process, such as, for example, ππ¯ ↔
KK¯. However, because this last one does not involve different
baryon particles, cannot be considered in our phenomenologi-
cal scheme related to the determination of the effective meson
masses. On the other hand, kaon photo- or electro-production
cannot be taken into account in our EOS.
2 It is proper to observe that in this approach we are not
taking into account the asymmetry between particle and an-
tiparticle effective meson masses, neglecting, for example, pos-
sible repulsive potential for kaons and attractive for antikaons,
especially relevant in a low temperature regime [61,62].
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where we have taken the average contribution between the
first two modes of Eq.(34), neglecting the last one involv-
ing multistrange production/absorption and we have used
Eq.(31) for the effective pion mass.
Moreover, concerning the effective mean field interac-
tion, K∗ meson can be viewed as a strongly correlated
state of K and π (K∗ ↔ Kπ) and its effective mass will
be expressed as
m∗K∗ = mK∗ +
[
1− xσΛ + xσΣ
2
]
gσN σ , (37)
where we have made explicit the effective pion and kaon
masses given in eqs. (31) and (36), respectively.
Finally, according to the Zweig rule, φ meson decays
mainly into two kaons (φ ↔ 2K), therefore, its effective
mass can be written as follows
m∗φ = mφ + 2
[
xσ∆ − xσΛ + xσΣ
2
]
gσN σ , (38)
where we have used the effective kaon mass given in Eq.(36).
Summarizing, in this subsection we have postulated
the meson effective masses as a difference between the
effective masses of different baryons involved in the me-
son production/absorption strong processes. The correc-
tion to the vacuum masses is driven by the σ-meson field
obtained self-consistently at different values of tempera-
ture and baryon density. In this scheme, the meson effec-
tive mass m∗j of species j results to be reduced (attractive
interaction) or enhanced (repulsive interaction) depend-
ing if the coupling gσB with the heavier baryon involved
is greater (as in the case of π, ρ and ω mesons) or lower
(as in the case of K, K∗ and φ mesons) than the nucleon
one (gσN ). Although the above new phenomenological as-
sumption introduced in this paper has a certain degree of
arbitrariness, it has the evident advantage of not introduc-
ing additional parameters/couplings and, as we will see in
the next section, will play a crucial role in the determina-
tion of the particle ratios at different energy range
3 Hadron yield ratios for central
nucleus-nucleus collisions
In this Section, we are going to compare the hadronic ra-
tios, obtained in the framework of the effective EOS, with
the yield ratios measured in central high energy heavy ion
collisions from AGS to RHIC energy range. At this scope,
as in statistical thermal models, we consider the tempera-
ture and the baryon chemical potential as free parameters
of the hadronic EOS (we do not consider proper volume
corrections and strangeness suppression factor) and we ad-
just them by fitting the data minimizing the χ2 distribu-
tion [4,8,9]
χ2 =
∑
i
(
Rexpi −Reosi
σi
)2
, (39)
where Rexpi is the measure of the ith ratio yields with
its relative uncertainty σi (sum in quadrature of statisti-
cal and systematic experimental errors) and Reosi is the
corresponding value obtained from the effective hadronic
EOS.
It is obvious that the chemical freeze-out cannot cor-
rectly be described as a mixture of the lightest baryons
and mesons considered in the above EOS without prop-
erly considering decays, rescattering, annihilation effects
and, eventually, nonequilibrium processes. Furthermore,
in the considered EOS the particles are off-shell (with an
effective mass) and, in the determination of the hadronic
ratios, the effects of any mechanism to bring them on-shell
are not taken into account [36]. Therefore, the obtained
temperatures and baryon chemical potentials cannot prop-
erly be considered as the freeze-out parameters. However,
as in Refs. [27,29], such a fitting procedure can give inter-
esting indications on the nature of the in-medium nuclear
interaction at finite temperature and density regime.
Taking into account the above observations, we limit
ourselves to study only hadron yield ratios (therefore the
enclosed volume of the system plays no role in the analy-
sis) and, for simplicity, to consider a limited set of exper-
imental ratios. In order to make such a choice as little as
possible arbitrary, we include in the fit, for SPS and RHIC
data, the same five independent yield ratios considered in
the recent data analysis of Refs. [64,65]: π−/π+, K−/K+,
p/p, K−/π−, p/π− and, at the AGS energies, we choose
the most similar set of data (see Fig. 1) on the basis of
the experimental ratios considered in Ref. [4]. Therefore,
except in the case of beam energy
√
sNN = 130 GeV (see
below for details), we refer to [4] and references therein
for the AGS and SPS midrapidity data and to [64] for
the RHIC midrapidity data. In the central Au-Au colli-
sions at AGS and RHIC, the electric charge fraction has
been fixed to Z/A = 0.401, while in the SPS Pb-Pb col-
lisions Z/A = 0.394. As already stated, we require a zero
net strangeness at all energies, therefore, at this stage the
analysis does not consider the possible presence of a non-
vanishing net strangeness at midrapidity [66].
The comparisons between the measured and calculated
ratios for the best fit are reported in Figs. 1, 2 and 3 for
the AGS, SPS and RHIC beam energies, respectively (for
clarity, in the figures we report only the results with xσ∆ =
1.33 for the TM1 parameter set and with xσ∆ = 1.40 for
the GM3 set).
In Table 1, for the TM1 parameter set, and in Table
2, for the GM3 parameter set, we summarize the com-
plete results for the best fits reporting, for any consid-
ered beam energy, the obtained free parameters T and µB
with the corresponding χ2dof = χ
2/Ndof (where Ndof = 2
at
√
sNN = 2.7 GeV and Ndof = 3 in the other cases).
For comparison, in the round brackets are reported the
results without considering effective meson chemical po-
tentials and masses (free meson gas), while in the square
bracket are given the values of χ2dof obtained with effective
meson chemical potentials only. Moreover, in the last line
of the Tables is reported the best fit at the beam energy√
sNN = 130 GeV corresponding to the same nine parti-
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Fig. 1. Measured hadron yield ratios compared to the effective mean field model results at the AGS beam energies. The dashed
lines correspond to the TM1 parameter set with xσ∆ = 1.33 and the solid lines to the GM3 one with xσ∆ = 1.40.
cle ratios and experimental data considered in Refs. [3,27]
(Ndof = 7), and analyzed in Ref. [29] within an analogue
relativistic mean field model but with a constant (free pa-
rameter) effective meson mass ratio (m∗i /mi = 1.3).
In Tables 1 and 2, for both EOSs, we have reported
the results for two different values of xσ∆. As discussed
in the previous Section, the lower values (xσ∆ = 1.25 for
TM1 and xσ∆ = 1.40 for GM3) correspond to the case of
not metastable ∆-matter and, the upper values (xσ∆ =
1.33 for TM1 and xσ∆ = 1.50 for GM3) to the maximum
couplings in which the metastable state can be realized in
each EOS. In order to make a comparison between the two
EOSs, we choose therefore two different couplings which
correspond to a comparable situation for what concern the
formation of ∆-matter.
As expected the obtained values of χ2dof are very high
without considering effective meson masses (except for the
case
√
sNN = 2.7 GeV for which a very low fraction of
mesons takes place). Comparable high values of χ2dof are
also obtained by considering effective meson chemical po-
tentials only. On the other hand, we can see that the intro-
duction of the effective meson masses play a crucial role
with results in very good agreement for both EOSs. It is
interesting to observe that, for both EOSs, there is a bet-
ter agreement with the lower values of the coupling ratio
xσ∆ at AGS energies, comparable values of χ
2
dof with the
lower and the higher values of xσ∆ at SPS energies and a
better agreement with the higher values of xσ∆ at RHIC
energies. This behavior is principally due to the fact that
at high temperature and low baryon chemical potential
the effective interaction is driven by the finite value of the
σ-meson field, which significantly affects the value of the
effective meson masses. This effect appears to be enhanced
at higher values of xσ∆ and reflects the fact that the ∆-
isobars dynamics results to be strongly influenced by the
nuclear medium [58]. On the other hand, a higher value
of xσ∆ at higher beam energies could be interpreted as a
phenomenological consequence of the increasing relevance
of resonance matter in regime of high temperatures and
low baryon chemical potentials [31].
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Fig. 2. The same of Fig.1 at the SPS beam energies.
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Fig. 3. The same of Fig.1 at the RHIC beam energies.
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Table 1. Summary of the results of the fits using the particle ratios extracted from Refs. [4,64] (see text for details) for the
TM1 parameter set. For comparison, in the round brackets are reported the respective values obtained without effective meson
chemical potentials and masses (free gas of mesons). In the square brackets are given the values of χ2dof obtained with effective
meson chemical potentials only (no effective masses). In the last line, the asterisk means that the fits are related to the same
nine particle ratios and experimental data considered in Refs. [3,27,29].
√
sNN xσ∆ = 1.25 xσ∆ = 1.33
(GeV) T (MeV) µB (MeV) χ
2
dof T (MeV) µB (MeV) χ
2
dof
2.70 51 (49) 743 (741) 1.19 (1.09) [1.11] 51 (49) 744 (741) 1.24 (1.09) [1.12]
3.32 83 (68) 656 (666) 1.38 (2.43) [2.73] 84 (68) 651 (666) 1.53 (2.44) [2.74]
3.84 101 (78) 596 (620) 1.63 (2.96) [3.04] 94 (78) 597 (619) 2.78 (2.99) [3.06]
4.30 105 (86) 563 (589) 3.11 (2.76) [2.88] 100 (86) 564 (588) 5.19 (2.80) [2.79]
4.85 107 (106) 534 (551) 1.90 (11.34) [11.24] 107 (105) 526 (549) 2.80 (11.04) [11.11]
8.76 125 (121) 405 (500) 2.66 (7.87) [8.02] 125 (120) 393 (495) 3.64 (7.26) [7.83]
12.3 133 (128) 346 (456) 2.98 (16.64) [16.82] 132 (126) 333 (460) 2.84 (15.70) [15.88]
17.3 137 (131) 306 (431) 1.66 (13.61) [12.97] 136 (130) 291 (427) 1.33 (12.76) [12.47]
62.4 153 (123) 97 (49) 1.67 (17.66) [17.71] 152 (123) 93 (49) 0.39 (17.65) [17.66]
130 154 (128) 46 (23) 1.27 (15.61) [15.60] 152 (128) 42 (23) 0.26 (15.58) [15.55]
200 154 (146) 34 (24) 0.40 (9.57) [9.52] 153 (147) 32 (25) 0.05 (9.39) [9.35]
130∗ 154 (149) [149] 48 (33) 0.56 (4.22) [4.21] 153 (149) [148] 46 (33) [32] 0.52 (4.14) [4.12]
Table 2. The same of Table 1 for the GM3 parameter set.
√
sNN xσ∆ = 1.40 xσ∆ = 1.50
(GeV) T (MeV) µB (MeV) χ
2
dof T (MeV) µB (MeV) χ
2
dof
2.70 50 (49) 744 (741) 1.25 (1.15) [1.25] 51 (49) 744 (741) 1.28 (1.16) [1.26]
3.32 78 (68) 655 (664) 1.07 (2.37) [2.38] 84 (68) 647 (664) 0.76 (2.38) [2.39]
3.84 111 (78) 573 (617) 0.70 (2.96) [3.05] 99 (77) 582 (618) 1.20 (2.98) [3.07]
4.30 112 (86) 542 (585) 1.33 (2.81) [3.06] 104 (86) 550 (584) 2.96 (2.84) [3.08]
4.85 112 (92) 516 (555) 1.11 (15.60) [16.05] 111 (92) 509 (555) 1.94 (15.63) [16.09]
8.76 130 (126) 387 (504) 1.68 (12.48) [12.52] 130 (125) 375 (493) 2.37 (11.51) [11.52]
12.3 138 (132) 331 (477) 3.11 (22.67) [21.57] 137 (131) 317 (465) 2.55 (21.20) [19.80]
17.3 142 (136) 293 (440) 2.04 (18.61) [18.81] 141 (135) 278 (435) 1.42 (17.35) [17.45]
62.4 161 (123) 92 (48) 3.27 (17.94) [17.95] 159 (123) 86 (48) 1.17 (17.93) [17.95]
130 161 (128) 43 (22) 2.88 (16.01) [16.03] 159 (128) 40 (22) 0.91 (15.99) [16.01]
200 161 (143) 32 (19) 1.01 (10.82) [10.84] 160 (144) 30 (19) 0.29 (10.74) [10.76]
130∗ 161 (148) 45 (27) 0.59 (4.80) [4.92] 160 (148) 43 (27) 0.40 (4.76) [4.85]
From Tables 1 and 2, the energy dependence of the
two free parameters, µB and T , exhibits a monotonic de-
pendence on the collision energy and appears very simi-
lar to the statistical thermal model results where µB de-
creases all the way up to RHIC energies, while T rises
rather sharply up to the lower SPS energies,
√
sNN ≈ 10
GeV, and reaches afterwards almost constant values at
RHIC energies.
Using the obtained values of µB and T at different
beam energies, by means the EOS, it is possible to obtain
other relevant thermodynamic variables. In particular, it
appears very interesting to find out the behavior of under-
lying dynamic quantities, such as the net baryon density
ρB and the energy density ǫ, which are of more direct
relevance to the collision dynamics respect to µB and T ,
because they are subject to corresponding conservation
laws [67].
In order to avoid parametrization on the energy de-
pendence of baryon chemical potential and temperature
(since small uncertainties in µB and T can lead to signif-
icant variation in ρB and ǫ or smooth out possible sharp
variations in the EOS), in Fig. 4, for the two EOSs, the net
baryon density ρB (upper panel) and the energy density
ǫ (lower panel) are reported for different beam energies,
corresponding to the values µB and T of Tables 1 and 2.
The lines are strictly there to help guide the eye.
First, we observe that, at fixed beam energy, with com-
parable values of the baryon chemical potential, greater
values of baryon density and energy density are reached
for the GM3 parameter set compared to the TM1 one.
This aspect is principally due to a sensibly different value
of the compression modulus K for the two parameter sets.
In agreement with statistical thermal model predictions
[67], for both EOSs, not only the net baryon density but
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also the energy density exhibits a non-monotonic depen-
dence on the collision energy. The baryon density has an
absolute maximum at about
√
sNN ≈ 4 GeV (which corre-
sponds approximately to µB ≈ 570÷590 MeV, depending
on the parameter set) and at higher energies it decreases
as a result of nuclear transparency. On the other hand, the
energy density has a relative maximum at about the same
beam energy. Both maximums tend to become less pro-
nounced or to disappear by increasing the value of xσ∆.
Such non-monotonic trends appear to be emphasized in
the ρB − ǫ plane, reported in Fig. 5, with a sudden varia-
tion in the EOS, especially for lower value of xσ∆. These
abrupt changes in the EOS (which would become more
smoothed with a parametrization on the energy depen-
dence of µB and T ) may be relevant in the planning of fu-
ture compressed baryonic matter experiments [68,69,70].
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Ε@MeVfm3D
Fig. 4. The energy dependence of the net baryon density ρB
(upper panel) and the energy density ǫ (lower panel) corre-
sponding to the values of µB and T reported in Tables 1 and
2. The lower points correspond to the TM1 parameter set
with xσ∆ = 1.25 (solid lines) and xσ∆ = 1.33 (dashed lines).
The higher points correspond to the GM3 parameter set with
xσ∆ = 1.40 (solid lines) and xσ∆ = 1.50 (dashed lines). The
lines are strictly to help guide the eye.
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Fig. 5. The same of Fig. 4 for the energy density versus the
net baryon density.
.
4 Conclusion
It is well known that mesons play a crucial role in the
hadronic EOS especially in the regime of low baryon den-
sity and high temperature. Such particles are strongly in-
teracting in the environment with the other particles. In
this paper, we have studied an effective relativistic mean
field model with the inclusion of the full octet of baryons,
the ∆-isobars and the lightest pseudoscalar and vector
mesons, by requiring the global conservation of baryon
number, electric charge fraction and zero net strangeness.
The meson degrees of freedom have been incorporated in
the EOS as a quasi-particle Bose gas with an effective
meson chemical potential µ∗ and an effective mass m∗ ex-
pressed in terms of the σ, ω, ρ meson fields, responsible
for the self-consistent mean field interaction.
The effective meson chemical potentials have been ob-
tained from a difference between the effective baryon chem-
ical potentials respecting the Gibbs conditions. In analogy,
the effective meson masses have been expressed as a differ-
ence of the effective baryon masses respecting the strong
interaction and on the basis of the main processes of the
meson production/absorption involving different baryons.
Such a phenomenological assumption implies a recipe in
which the vacuum meson masses are reduced (enhanced)
if the ratio xσB = gσB/gσN , between the σ-meson field
coupling with the heavier baryon (∆ or hyperon particles
involved in the meson production/absorption) and the nu-
cleon one, is greater (lower) than one. A variation of the
effective meson masses in-medium simulates in our simple
scheme the relevance of meson-meson and meson-baryon
self-interaction in the nuclear medium at finite tempera-
tures and baryon densities. Although the above assump-
tions have a very simple phenomenological nature, which
cannot be extrapolated to any range of temperature and
density, they have the noticeable advantage of not intro-
ducing additional parameters or couplings.
In this framework the hadron yield ratios have been
studied and compared with the experimental ratios mea-
sured in central heavy ion collisions from AGS to RHIC
energy range. Whenever possible, the same set of indepen-
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dent yield ratios adopted in Refs. [64,65] has been consid-
ered in the fitting procedure, in which temperature and
baryon chemical potential are free parameters of the EOS.
The results appear to be in very good overall accordance
with the experimental ratios for the both used parameter
sets (TM1 and GM3). We have found that the presence
of ∆-isobar degrees of freedom play a crucial role in our
scheme, in particular we have seen that a better agree-
ment with the experimental data can be reached with
lower values of the coupling ratio xσ∆ (corresponding to a
not metastable∆-isobar state) at lower beam energies and
with higher values of xσ∆ (corresponding to the formation
of a ∆-isobar metastable state) at higher beam energies.
From a phenomenological point of view, the coupling ratio
xσ∆ could be interpreted as a parameter which takes into
account in an effective manner the formation of resonance
states, very relevant in regime of high temperatures and
low baryon chemical potentials. Finally, we have seen that
for both considered EOSs, in correspondence of the values
of T and µB extracted from the experimental data, the
net baryon density and the energy density have a non-
monotonic behavior with a maximum at a fixed value of
the collision energy.
It is proper to remember that the values of tempera-
ture and baryon chemical potential, obtained from the fit-
ting procedure with the experimental data, cannot prop-
erly be considered as the freeze-out parameters without
taking into account particle decays, rescattering and anni-
hilation effects. On the other hand, a correct reproduction
of all particle production yields lies outside the scope of
this paper. The main purpose of such a phenomenologi-
cal comparison with experimental data is to provide use-
ful indications about the relevance of the meson-baryon
and meson-meson interaction in regime of finite values of
temperature and baryon chemical potential where meson
degrees of freedom become progressively more important.
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